The safety aspects of people exposed to the field emitted by ultra wideband (UWB) radar, operating both in the spatial environment and on ground, for breath activity monitoring are analyzed. The basic restrictions and reference levels reported in the ICNIRP safety guideline are considered, and the compliance of electromagnetic fields radiated by a UWB radar with these limits is evaluated. First, simplified analytical approaches are used; then, both a 3-dimensional multilayered body model and an anatomical model of the head have been used to better evaluate the electromagnetic absorption when a UWB antenna is placed in front of the head. The obtained results show that if the field emitted by the UWB radar is compliant with spatial and/or ground emission masks, then both reference levels and basic restrictions are largely satisfied.
Introduction
Ultra wideband radars have unique features suitable for a large variety of biomedical sensing applications, as for example, the continuous monitoring of breath activity, the monitoring of internal organ movements, the measurement of the heart rate variability, and the pregnancy monitoring.
The first UWB radar for remote sensing was patented in 1994 by McEwan at the Lawrence Livermore National Laboratory (LLNL) [1] . This kind of radar is constituted by a pulse generator, a UWB receiver, a timing circuitry, a signal processor, and UWB antennas. The pulse generator is based on a pulse repetition interval generator with a repetition rate in the range 1-10 MHz followed by a step-like generator producing a fast rise-time edge. Then, one or more impulseshaping networks convert the fast edge in a signal whose time dependence is Gaussian-like or a higher derivative of the Gaussian pulse [2] . Subsequently, the signal is sent to the transmitting UWB antenna and it is radiated toward the target. Once reflected by the target, the impulse is received by the same or a different UWB antenna, detected by a suitable receiving section [3, 4] , and processed to evaluate the distance between the antenna and the target.
In accordance with the previous description, the UWB radar radiated signal is a pulse train with a repetition rate in the 1-10 MHz range. Due to the particular applications of UWB radar in medicine, crucial points to investigate are the assessment of the UWB radar radiated field and the study of the compliance with safety guidelines. To this end, since the foreseen applications of the UWB radar are both on ground and inside a spatial environment, the maximum value of the radiated field used in this study will be settled considering the emission masks of the Federal Communications Commission (FCC) [5] , defined on imaging systems, and of the space environment [6] , referring to the electromagnetic compatibility of the electronic apparatuses [7] .
The safety issue related to the exposure of humans to the electromagnetic field emitted by the UWB radar can be evaluated following the guidelines issued by ICNIRP (International Commission on Non-Ionizing Radiation Protection) [8] and referenced in the European regulations [9] . ICNIRP guideline was published in 1998 [8] and recently reconfirmed in the frequency range 100 kHz-300 GHz [10] . This guideline defines basic restrictions, which are restraining values directly linked to health effects, and reference levels, which are limits on the electromagnetic field impinging on the subject. Moreover, a distinction between workers, that is, people who are exposed to the electromagnetic field due to their work, and the general population is done, with lower limits settled for this last category of people.
In this work, the safety assessment related to the exposure of people to UWB radar fields is tackled in several ways.
An analytical study is performed first to evaluate the compliance of the UWB radar with ICNIRP safety guidelines under the hypothesis that the maximum allowable levels, extrapolated by FCC and spatial emission masks, are used. Then, this analysis is refined simulating a realistic scenario in which a multilayered body model is placed in front of a UWB antenna. Finally, an anatomical model of the head is taken into account in the presence of the same UWB antenna.
The paper is organized as follows: in Section 2, the ICNIRP guideline is introduced. In Section 3, the compliance of the UWB radar with ICNIRP limits is examined, using a model of the radar for the estimation of the radiated field and using a worst case analytical approach to test compliance with basic restrictions. In Section 4, the electromagnetic absorption is evaluated considering a 3-dimensional multilayered body model and an anatomical model of the human head. Eventually, in Section 5, conclusions are drawn.
Limits and Exposure Levels
According to FCC [5] , a UWB radar used for medical purposes should emit an electromagnetic field whose spectrum covers the 3.1-10.6 GHz band. In this frequency band, the main effect that the electromagnetic field can produce inside the human body is the temperature increase, related to the power absorption [8] .
Into the safety guidelines, thermal effects of electromagnetic field are associated to the SAR, defined as the power absorbed per unit mass and measured in W/kg [8] . Accordingly, in the 100 kHz-10 GHz band, the ICNIRP guideline settles limits (named "basic restrictions") on the SAR considering both the SAR as averaged over the whole body (SAR WB ) and the SAR as averaged over 10 g in the head and trunk (SAR 10 g ) and in the limbs (SAR 10 gL ), as reported in Table 1 . These values are averaged over 6 min [8] . When near field exposures are considered, since the electromagnetic field distribution may be highly inhomogeneous, and there could be a direct coupling between the electromagnetic field source and the exposed humans, the SAR limits must be considered.
For far field exposure, ICNIRP gives reference levels in terms of electromagnetic field values derived from the basic restrictions through dosimetry considerations.
Reference levels are defined as unperturbed field values spatially averaged over the entire body of the exposed individual. The electric field, magnetic field, and power density reference levels for the general population in the frequency range from 2 GHz to 300 GHz are settled to 61 V/m, 0.16 A/m, and 10 W/m 2 , respectively [8] . Moreover, since the field radiated by the UWB radar is constituted by a pulse train, exposure limits have to be considered for short-term effects, with particular reference to the microwave hearing effect [8] . These limits are settled in terms of specific energy absorption (SA) and temporal peak of the electric field. 
Compliance Evaluations
Since in the considered application (i.e., remote monitoring of the breath activity) the exposed subject is mainly in the antenna far field region, reference levels must be considered for safety purposes. On the other hand, because the subject under investigation could move during monitoring, it may happen that the subject could find himself close to the antenna thus taking up the reactive field. Consequently, also basic restrictions have been taken into account. Furthermore, for some particular body positions, the UWB signal could impinge on the subject head; therefore, also SA estimation has been considered [11] [12] [13] .
To compare the radiated field, the SAR, and the SA values produced by the UWB radar with the limits reported in the ICNIRP standard, three safety factors have been defined as follows: According to the definition, the higher the value of the safety factor, the lower the exposure of the subject.
Reference Levels in relation to FCC Emission Masks.
In the FCC regulations, emission masks are based on EIRP measured on a specified bandwidth. According to FCC [5] , for UWB medical imaging systems, the radiated emissions between 3.1 GHz and 10.6 GHz shall not exceed the EIRP value of −41.3 dBm, when measured using a resolution bandwidth of 1 MHz. Correspondingly, the value reported at a given frequency indicates the maximum allowed EIRP within a bandwidth of 1 MHz, centered on that frequency. To evaluate the maximum amplitude of the source signal allowed by FCC emission mask, the UWB radar model presented in [14] has been used. Simulations have been performed by using the half-heart shaped UWB antenna introduced in [15] , by considering a source with a repetition rate of 1 MHz and various time behaviors of the signal. In particular, the Gaussian pulse is given by
with = 100 ps, and it has been considered together with its first 4 derivatives. For each pulse, the maximum amplitude 0 that gives rise to an EIRP in compliance with the FCC emission mask has been computed (see legend in Figure 1) .
By considering the fourth derivative of the Gaussian pulse, whose maximum amplitude in compliance with FCC is equal to 1 V, the total EIRP (EIRP TOT ) value has been computed by the following formula:
finding a value of 1.76 W. The electric field intensity value 1 m far from the antenna can be evaluated by 
and is equal to 0.007 V/m. This electric field value is well below the 61 V/m reference level defined by ICNIRP. In this case, the safety factor is SE = 7.6 ⋅ 10 7 . Eventually, considering the electric field time behavior obtained at a distance of 1 m from the radar with the same excitation conditions (in particular considering the fourth derivative of the Gaussian pulse with an amplitude of 1 V), the computed electric field peak value is equal to 0.57 V/m. According to ICNIRP, this value should not exceed 32 times the field strength reference level (61 V/m) and hence 1952 V/m. The corresponding safety factor SE is about 1.2⋅10 7 .
Reference Levels in relation to Space Environment Emission Masks.
Regarding the electromagnetic compatibility masks of the spatial environment [6] , the compliance with Columbus and NASA masks for narrowband emission has been verified for the same UWB radar model previously introduced [14] . Simulations have been performed by using the half-heart shaped antenna [15] , a source with a repetition rate of 1 MHz having the time behaviors of a Gaussian pulse with = 100 ps and of its first 4 derivatives. Also in this case, for each pulse, the maximum amplitude, that gives rise to an electric field in compliance with both Columbus and NASA masks, has been computed. The values are reported in Figure 2 . 
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In this case, by considering the fourth derivative of the Gaussian pulse, the maximum EIRP evaluated from (3) is 32.5 W. Correspondingly, the maximum electric field intensity value, evaluated from (4), is equal to 0.03 V/m. The safety factor value is SE = 4.1 ⋅ 10 6 . Finally, the electric field time behavior has a peak value equal to 2.48 V/m so that the SE is about 0.62 ⋅ 10 6 . From the values shown in Figures 1 and 2 , it can be noted that the maximum voltage of the pulse generator that gives rise to an electric field that meets the space environment masks is higher than the one that complies with the FCC mask.
Whole Body SAR.
Taking into account the radiated power when the fourth derivative of the Gaussian pulse is applied with its maximum allowable value (see Figures 1 and  2) , the SAR WB have been computed, considering a worst case condition in which a man weighting 72.4 kg ( ) absorbs all the radiated power. In this case, the whole body averaged SAR, namely, the power absorbed per unit mass, is 
for FCC and spatial masks, respectively.
SAR Averaged over 10 g.
By supposing that the same radiated power is all absorbed in 10 g mass of the exposed subject, the SAR 10 g , in the case of FCC mask fulfillment, is given by SAR 10 g = RAD = 1.76 W 0.01 kg = 1.76 ⋅ 10 −4 W/kg, (8) while for the spatial masks case, we obtain SAR 10 g = RAD = 32.5 W 0.01 kg = 3.25 ⋅ 10 −3 W/kg. (9) Also, in this case, the computed SAR value is well below the limit value established by ICNIRP for general population and 
SA Evaluations.
In order to take into account the possibility that the exposed subject stands with the head in front of the radar antenna, the specific energy absorption has been calculated, starting from the SAR averaged over 10 g mass. In particular, since the SA is defined as the time integral of SAR over a signal period [8] , it can be obtained as
For a period of 1 s (equivalent to a pulse repetition frequency of 1 MHz), we obtain SA = 1.76 ⋅ 10 −4 ⋅ 10 −6 = 1.76 ⋅ 10
in the case the radar is used on ground, and: for FCC and spatial masks, respectively.
SA Evaluations in 3D Human Models
To better evaluate the specific energy absorption, both a multilayered planar model, similar to that studied in [16] , and a 3D anatomical model of the head have been considered.
The model used in [16] was derived from the Visible Human (VH) data set [17] . However, other human body models are available for electromagnetic dosimetry studies. In particular, the so-called "Virtual population" comprises a man (Duke, 34-year-old), a woman (Ella, 26-year-old), and several children [18] . While the VH model represents a relatively big man (1.80 m tall and 103.0 kg weight), Duke, being 1.77 m tall and weighting 72.4 kg, is closer to the "standard man" dimensions.
Starting from the Duke model, a section passing through the head has been considered in order to build a multilayered body model whose tissues and corresponding thicknesses are shown in Table 2 . Moreover, the whole Duke's head has been taken into account.
International Journal of Antennas and Propagation 5 [15] . The antenna has been excited with a voltage source whose time behavior is the fourth derivative of the Gaussian pulse with amplitude 1 V (Figure 3 ). The electric field as a function of the time has been computed in correspondence with 15 different positions within the layered model, as shown in Figure 3 .
Starting from the field values, the SA has been computed according the following relationship:
(15) Figure 4 shows the calculated SA profile in the Duke skin layer (plane xz of Figure 3 ), while Figure 5 shows the values of the SA computed in the various tissues as a function of the distance from the antenna (direction y of Figure 3 ). The figures show that the highest value of the SA is found in the skin, right in front of the antenna, and it is equal to 5.9 pJ/kg. By considering a worst case approach in which the 10 g averaged SA is supposed to be equal to the peak SA, a value well below the limit of 2 mJ/kg established by ICNIRP for the general public is obtained.
SA Evaluations in the Duke Anatomical Model of the Head.
To study a more realistic condition, an electromagnetic analysis has been performed considering the anatomical Duke model of the head exposed to the heart-shaped UWB antenna. In particular, the UWB antenna has been placed 5 cm far from the head in correspondence with a Duke's eye (see Figure 6 ). Figure 7 shows the SA profile computed in the various tissues of the Duke head as a function of the distance from the antenna. As it can be noted from the figure, the highest value of the SA, in correspondence with the eye lens, is equal to 7.9 ⋅ 10 −2 pJ/kg that is well below the value of 2 mJ/kg for the general public established by ICNIRP.
As regarding the computation of the whole body SAR and the SAR as averaged over 10 g for the Duke's model, the considerations reported in Sections 3.3 and 3.4 can be applied, respectively. 
Conclusions
This paper addresses the safety aspects of people exposed to the field emitted by ultra wideband radar operating both in the spatial environment and on ground.
The compliance with ICNIRP SAR and SA limits and field exposure levels has been evaluated considering the emission mask issued by the FCC and those to be considered in space environment.
The comparison of the computed electric field values with reference levels issued by ICNIRP reveals that the peak values give rise to lower safety factors with respect to RMS values. Moreover, the safety factor achieved satisfying FCC emission mask is higher than the one evaluated filling the spatial masks. On the basis of the conducted analysis, the parameter that gives rise to the lower safety factor is the SAR averaged over 10 g of mass. However, in this case, it has been supposed that all the radiated power is absorbed in 10 g mass, which is quite an unrealistic hypothesis.
Furthermore, the SA evaluation conducted considering a 3D electromagnetic model of the Duke placed close a UWB antenna has shown that also, in this case, ICNIRP restrictions are largely satisfied.
In particular, numerical results concerning SA show that simulated values are two-order magnitude lower than the analytical ones evaluated in a worst case condition. 
